Introduction
[2] The transport of solutes through an aquifer is primarily controlled by medium properties, in particular the spatial distribution of hydraulic conductivity (K) [e.g., Gelhar, 1993; Fleckenstein and Fogg, 2008] . Studies of mildly heterogeneous aquifers have demonstrated that solute transport can be reasonably modeled using the classical advection-dispersion equation (ADE) with limited K data [e.g., Mackay et al., 1986; Hess et al., 1992] , and that hydrostratigraphic analysis of core material improves transport predictions [e.g., Phanikumar et al., 2005] . In contrast, studies in highly heterogeneous aquifers have shown that the classic ADE-based approach with K data from conventional field methods does not accurately simulate transport in such systems [e.g., Eggleston and Rojstaczer, 1998; Whittaker and Teutsch, 1999] . Indeed, three large-scale natural gradient tracer experiments performed at the MAcro Dispersion Experiment (MADE) site (Figure 1 ) on Columbus Air Force Base, Mississippi, USA, displayed pronounced non-Gaussian behavior [Boggs and Adams, 1992; Zheng, 2007] . The MADE aquifer consists of highly heterogeneous unconsolidated fluvial sediments (ln K variance = 4.5 from borehole flowmeter data [Rehfeldt et al., 1992] ), underlain by a clay aquitard at ∼12 m depth. Bowling et al. [2005] used 2D Ground-Penetrating Radar (GPR) lines and information from a nearby quarry to identify three main facies above the aquitard: a meandering fluvial system over a braided fluvial deposit over a fine-grained sand interbedded with clay and silt.
[3] Several approaches have been proposed for simulating the observed tracer transport at MADE by incorporating preferential flow paths [e.g., Zheng and Gorelick, 2003] or mass transfer between mobile and immobile domains [e.g., Harvey and Gorelick, 2000] into the ADE, or by using a fractional form of the ADE [e.g., Benson et al., 2001] . Although these approaches may provide reasonable representations of the average plume behavior, they do not accurately replicate concentration histories at observation wells nor can they be parameterized using available data. Novel high-resolution characterization methods, however, may provide the necessary subsurface data to greatly improve traditional transport simulations in such highly heterogeneous systems and aid in the assessment of alternative transport theories.
[4] GPR is a common noninvasive method for highresolution exploration of spatial variability in the shallow subsurface [e.g., Jol, 2009] , but it does not provide direct information about K [Hubbard and Rubin, 2000] . Previous efforts to use GPR to improve flow and transport models have combined GPR facies analysis with modeled K fields and stochastic simulations [Rauber et al., 1998; Moysey et al., 2003; Ezzy et al., 2006; Engdahl et al., 2010] . Such studies have not directly combined surface 3D GPR data with high-resolution in-situ K estimates to develop hydrofacies models for heterogeneous aquifers, which is the focus of this paper.
[5] In this paper, we present results of a recent field demonstration at the MADE site where full-resolution 3D GPR and cm-scale Direct-Push (DP) K data were collected. Following a description of the approach and methods, we discuss the general reflection patterns in the GPR data cubes. We then present the results of a GPR facies analysis for a 2D plane where four DP K profiles were obtained. Following a qualitative comparison of these collocated data sets, we present the results of statistical tests to evaluate whether GPR facies are also distinct hydrostratigraphic units. The results of this field demonstration indicate that the combination of methods presented here is a promising approach for characterizing 3D hydrostratigraphic structures. These structures, which can then be populated by stochastic simulation of K fields, can serve as the basis for flow and transport models of highly heterogeneous aquifers, such as at the MADE site.
Methods
[6] GPR is an excellent method to image shallow sedimentary structures because the signal response is controlled by textural properties [Neal, 2004] . In saturated low-loss media, such as sand and gravel, the variable most directly linked to GPR signal propagation and reflection is porosity, which is governed by sediment characteristics such as grain size, sorting, and packing. GPR has traditionally been used for 2D and pseudo-3D characterization, but recent studies have demonstrated the added value of full-resolution data, with less than quarter wavelength (l) sampling for in-and cross-line directions [Grasmueck et al., 2005] . Full-resolution GPR maximizes the potential to characterize 3D subsurface structures. Its vertical resolution depends on signal wavelengths, which depend on by frequencies of propagating waves and dielectric permittivities of the medium. For example, vertical resolution is ∼0.145 m ( 1 = 4 l) for 100 MHz signals in saturated sediments with a relative dielectric permittivity of 23 (EM velocity ∼0.058 m/ns). The lateral resolution depends on the Fresnel zone, which gets larger with increasing depth and decreasing frequency.
[7] We used 2D GPR lines to characterize the stratigraphy over the region where three natural-gradient tracer experiments [Zheng, 2007] were conducted. We then collected full-resolution 3D GPR data around the Intensively Cored Area (ICA, Figure 1a ) where a single-well, push-pull tracer test was recently performed [Liu et al., 2010] . A total of 3.8 km of GPR lines were collected in the ICA cube using 50 and 100 MHz antennae, with step sizes of 0.2 and 0.1 m, respectively, which is less than the 1 = 4 l required spacing. Line spacing was equal to step size, thus forming a regular grid of GPR traces. Data were collected using a sampling interval of 800 ps over 550 and 400 ns time windows, and 16 and 32 stacks for the two frequencies, respectively. Accurate positioning was achieved using guidance ropes and odometer-wheel triggering. All GPR data were collected with a Sensors and Software pulseEKKO 100 system (1000V transmitter) at night and on weekends to avoid flight-time interference with a communication station adjacent to the site (Figure 1a) .
[8] GPR data were processed with a background removal filter (dewow, 14 and 8 ns for 50 and 100 MHz, respectively) followed by a band-pass filter to eliminate highfrequency noise. Static corrections were then applied to flatten the reflection from the top of the saturated zone, as the measured water table gradient was only ∼0.0003 (3.3 cm over 111 m). The reflection times for the saturated zone were converted to depths based on the average measured velocity of 0.058 m/ns, from CMP and cross-borehole data.
[9] A GPR facies approach [van Overmeeren, 1998 ] was used to identify zones with distinct reflection characteristics. The primary criteria used to define GPR facies were reflection terminations, dip angle, amplitude, and continuity in 3D. We then compared GPR facies with high-resolution vertical K profiles that were obtained with the new DP High-Resolution K (HRK) probe. This tool, which was developed for rapid characterization of unconsolidated shallow aquifers [Liu et al., 2009] , is advanced into the subsurface while water is injected out of a small screened port located a short distance behind the tool tip. The injection rate and injectioninduced back pressure are recorded every 1.5 cm. The ratio of these quantities is transformed into K following the approach described by Liu et al. [2009] . Although the calibration of the transform equation is the subject of ongoing work, the spatial patterns of K, which are of greatest interest in this study, would not change with different transformation parameters. We used the Kolmogorov-Smirnov (K-S) test and box plots to evaluate differences among K distributions for different GPR facies and layers.
Results
[10] Cutouts of the 100 and 50 MHz GPR data, with 10 and 12 m of signal penetration, respectively, clearly image the details of 3D structures (Figures 1b and 1c) . The 100 MHz north-south oriented cut at 97 m East shows two ∼2 m thick packages with northward dipping reflections between 4 and 8 m depth ( 1 and 2 in Figure 1b) . These structures likely represent large-scale clinoforms associated with channel bar migration. This interpretation is corroborated by a reflection pattern along the perpendicular cut at 170 m North that resembles trough cross-stratification ( 3 in Figure 1b) . The GPR reflections from the deepest portion of the cube are dominated by sub-horizontal continuous reflectors, but the signal is notably attenuated for the 100 MHz data. The 50 MHz data, which depict the same dipping clinoforms, have reasonable signal strength to the top of the clay aquitard (Figure 1c) .
[11] We conducted facies analysis across a transect at 105 m East (Figure 2) , where the general reflection pattern is comparable to the plane at 97 m East. For this analysis, 100 MHz data were used from the water table to 8 m, and 50 MHz data were used below 9 m. The average data from both frequencies were used between 8 and 9 m depth (Figure 2a) , since picks from both were consistent. To define the spatial distribution of GPR stratigraphy, we developed an algorithm for automated picking of peak amplitudes and identification of laterally continuous reflections (Figure 2b ). Decisions on how reflections connect and terminate were aided by 3D analysis of the data. Using the procedure outlined earlier, the GPR data were separated into four GPR facies (Figure 2b ). Facies A (green) consists of sub-horizontal reflections, and can be divided into two sub-facies that appear to be separated by an erosional surface. The underlying Facies B (brown) contains the most notable clinoform sets, and these can again be divided into two sub-facies. The lowermost two facies are characterized by laterally continuous sub-horizontal reflections. Facies C (blue) has several internal clinoform structures (based on 3D analysis of the GPR data) and gently dipping bounding surfaces; Facies D (tan) has primarily horizontal reflections.
[12] Figure 2c presents a qualitative comparison of the GPR data and the HRK profiles along this transect. The GPR data show good correlation with the HRK profiles, as is evident from numerous small-scale anomalies that coincide with GPR reflections. In addition, GPR facies are consistent with the main K zones across the interpreted portion of the aquifer. Facies A has generally high K values, consistent with coarse-grained sediments. The relatively constant K values in Facies A in profiles 111108A-C reflect an upper HRK measurement threshold of roughly 10 m/d; the actual K values are likely higher and more variable than indicated. In the zone with prominent clinoforms, Facies B shows declining K with depth. Facies C shows constant to increasing conductivities with depth, whereas Facies D is characterized by generally high K values. There is a clear transition into the low-K aquitard at the bottom of HRK log 111108A ( Figure 2c) ; in other logs, DP probe advancement was halted at the top of the clay.
[13] The observations from this qualitative evaluation suggest that GPR and HRK methods can be used in tandem for high-resolution hydrostratigraphic analysis (Figure 3a) . To evaluate this possibility quantitatively, we statistically analyzed the K data within GPR facies, sub-facies, and layers. Boxplots in Figures 3b-3e visualize the descriptive statistics of the K data for GPR facies, sub-facies, and layers (collectively called 'segments'), respectively. One-sample K-S tests with 95% confidence intervals (CI) rejected the null-hypothesis that the K data from each segment have a log-normal distribution (Table S1 of the auxiliary material); therefore, the common assumption that K distributions are log-normal is not valid for these data.
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[14] To evaluate differences in K distributions, we used two-sample K-S tests with 95% CI. These tests show that the distribution of K data for each of the four GPR facies is distinct (Table S2) . Similar K-S tests were used to test the difference of K distributions between adjacent segments. These tests show that all adjacent layers as well as subfacies/facies have statistically distinct distributions of K (Table S2) . Although this analysis suggests that the individual GPR facies and layers can be translated into statistically distinct hydrofacies, it does not indicate that both are necessarily equivalent. When the K data are separated by individual HRK profiles in a plot of mean versus variance, the between-profile variation in log K means for each facies is generally significantly smaller than the between-facies variation ( Figure S1a ). There is, however, considerable overlap between the mean log K values for Facies B and C, which is expected since they have opposite trends of K with depth. Indeed, a plot of mean log K versus the slope of log K values with depth in each facies clearly separates the facies into clusters ( Figure S1b ). Figure S1a also shows that the variance of log K is low for Facies A (affected by K truncation discussed earlier) and D but higher for Facies B and C, which we argue is related to the depositional environment.
[15] Modeling of flow and transport through heterogeneous aquifers would greatly benefit from detailed characterization of K. Figure 3f demonstrates that as the aquifer is split into facies, sub-facies, and layers based on our stratigraphic analysis of full-resolution GPR data, the total variance in K is drastically reduced. Most of this reduction occurs in the first two splits into facies and sub-facies. Therefore, subdivision into layers may not be required to develop realistic 3D K fields at this site. A wide range of stochastic methods can be used to distribute the K data through facies/sub-facies shown in Figure 3a . Although a stochastic K field could be developed for all DP data shown in Figure 3a , it would clearly not be possible to fully capture the geometry of the GPR stratigraphy based on the K data alone. The value of separating the cube into facies, subfacies or layers (Figure 3f ) can then be quantified using simulations of tracer tests through the stochastically derived K fields.
Conclusions
[16] Accurate predictions of transport through highly heterogeneous aquifers would greatly benefit from a method to characterize the detailed structure of aquifers; this would be an important first step to populate 3D K fields with high vertical and horizontal resolution. Recently developed DP methods can provide high-resolution K (HRK) data in vertical profiles, yet they cannot provide sufficient spatial density to establish lateral connectivity. In this paper, we present the first comparison of full-resolution 3D GPR and HRK data to develop high-resolution hydrofacies for highly heterogeneous sediments. Four GPR facies that were identified at the MADE site were determined to be distinct hydrofacies based on statistical analysis of several collocated HRK profile data. The division of these facies into smaller segments (sub-facies, layers) results in zones with lower variance in K. These zones can then be used to generate stochastic fields with less uncertainty than previously possible.
[17] We found good agreement between full-resolution GPR stratigraphy and HRK profiles, thus forming a solid foundation for hydrostratigraphic characterization of this site. Our approach provides an opportunity to reconstruct 3D subsurface structures with their correct geometries and hydrologic attributes. The strong connection between the HRK data and GPR facies indicates that at many sites, a 3D K field could be generated using GPR data tied to a few HRK profiles. Clearly, as facies change character laterally, additional HRK profiles are needed to intercept these facies and to capture a representative distribution of K values.
[18] It should be noted that the approach presented in this paper is not without limitations. The vertical and lateral resolution of GPR data is finite, and reduces with increasing depth. Limiting the variance of K within hydrofacies units and layers nevertheless provides the basis for better-constrained stochastic fields for solute transport simulations. In future research, the hydrofacies model described here will be used to test a range of emerging transport theories.
